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CHAPTER 1 
INTRODUCTION 
 
Chronic pain poses a massive burden to the United States healthcare 
system and economy. Despite over 100 million people being affected by chronic 
pain, there are few options for treatment beside opioid analgesics (Gaskin and 
Richard 2012). Opioids, although they are the “gold star” treatment for pain, 
come with side effects, tolerance, and addiction liability. New, more effective 
options for treating pain are desperately needed (Benyamin et al. 2008). In 
order to more effectively treat chronic pain, it is necessary to understand the 
process by which a sensory neuron becomes hypersensitive in the first place. 
By understanding the underlying mechanisms of this sensory system, we may 
better understand where to more effectively target our pain therapeutics.  
 It is possible to injure the larval Drosophila melanogaster epidermis’ 
using UV irradiation (Babcock et al. 2009). The sensory neurons of these larvae 
(in particular, the nociceptors) become hypersensitive, and will respond to the 
light touch of a warm (41 oC) probe in an allodynia behavioral assay; uninjured 
larvae will not. 
 Using this model, Hedgehog (Hh) was discovered to be necessary for 
sensitization of larvae (Babcock et al., 2011). Following this discovery, our lab 
characterized the necessity of various members of the Drosophila bone 
morphogenetic proteins (BMP). This included Decapentaplegic (Dpp), its 
receptors Punt, Thickveins, and Saxophone, the intracellular SMADS 
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(Follansbee et al. 2017), the ligand Glass Bottom Boat (Gbb) and its receptor 
Wishful Thinking (Wit) (Gjelsvik et al. in review), and transcription factors within 
the nucleus (McParland et al., in preparation). This thesis details the 
characterization of two extracellular morphogen regulators, the Drosophila 
membrane-embedded glypicans Division Abnormally Delayed (Dally) and Dally-
like protein (Dlp). 
To this point, our lab has primarily taken a candidate-gene approach to 
investigating the requirement of BMPs and their regulators in the development 
of injury-induced allodynia. We are currently conducting an RNA sequencing 
project to determine what genes are being turned on following injury to cause 
the neuron to sensitize. These results will not only give us a clearer picture of 
what is happening at the transcriptional and translational levels, but will also 
provide new mechanisms to study that may represent additional targets for 
novel pain therapies. 
Lastly, we are also optimizing a thermal-injury based model in Drosophila 
larvae, similar to our current working UV approach. Because humans who 
contract burns often develop chronic pain as a result (Norman and Judkins 
2004), the Drosophila thermal injury model represents a more clinically relevant 
way to deduce the involvement of particular genes in promoting a sensitized 
nociceptive state. 
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These studies will give us a clearer picture of the mechanisms that 
regulate sensitization in the fly and, at the same time, contribute to a better 
understanding of pain in humans. 
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CHAPTER 2:  
GLYPICANS DALLY AND DALLY-LIKE CONTROL  
INJURY-INDUCED ALLODYNIA 
 
Preamble: This chapter is presented in manuscript style because it will be 
submitted to a peer-reviewed scientific journal. The following summarizes the 
majority of my Master’s work. All of the experiments were performed by me, 
with the help of Julie Moulton in maintaining my flies and Dr. Ganter in 
dissecting for immunohistochemistry. 
 
Author Contributions 
CLB and GKG designed the research. CLB and JKM performed the 
experiments and analyzed the results, in part utilizing programs built by Colin 
Longhurst and Daniel Cox.  CLB and GKG wrote the manuscript. 
 
Abstract 
Background: Over 100 million people are challenged by the effects of chronic 
pain in the United States alone. This burden also impacts the U.S. economy; 
600 billion dollars annually is spent on medical care, medications, and lost 
productivity in the workplace (Gaskin and Richard, 2012). Current opioid 
treatments cause adverse effects including nausea, constipation, tolerance, and 
addiction liability (Benyamin et al. 2008). The neuroplastic process of 
nociceptive sensitization is thought to perpetuate chronic pain, but too little is 
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known about its mechanisms. Components of the pathways that connect injury 
and neuronal sensitization are likely to be valuable targets for novel 
medications for the relief or prevention of chronic pain. Utilizing the Drosophila 
melanogaster cell targeting and RNA interference toolkit, our lab investigates 
the Bone Morphogenetic Protein (BMP) pathway and its role in ultraviolet light 
(UV) injury-induced nociceptive sensitization. BMPs are well known as secreted 
developmental morphogens that control imaginal disc patterning by binding 
membrane bound receptors of target cells, but other functions are known (Bier 
and Robertis, 2015). We have previously utilized a candidate gene approach to 
identify BMP signaling components used in nociceptors to modulate injury-
induced allodynia in Drosophila. Necessary components include the BMP 
Decapentaplegic (Dpp, orthologous to mammalian BMP 2/4), and its 
downstream signaling components (Follansbee et al., 2017). Prior to this 
research, the morphogen Hedgehog was also shown to be necessary for 
allodynia following injury (Babcock et al., 2011). Here, we investigate two 
known extracellular membrane-embedded regulators of the Dpp and Hedgehog 
pathways: Dally and Dally-like. 
Conclusion: Dally and Dally-like (Dlp) are both necessary for injury-induced 
thermal allodynia. However, larvae with either glypican suppressed respond 
normally to noxious stimuli in the absence of injury and show normal nociceptor 
morphology. The components of the BMP pathway are highly conserved and, 
because dysregulation of nociceptor sensitization underlies chronic pain, Dally 
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and Dlp show potential to represent novel therapeutic targets in humans 
challenged by chronic pain. Because this pathway seems to only be required for 
allodynia, and not normal pain perception, there is potential to target Dally or 
Dlp for effective chronic pain management. Furthermore, because of their 
extracellular location, Dally and Dlp represent attractive therapeutic drug targets 
without the burden of crossing the cellular membrane. 
 
Introduction: 
Chronic pain is a dysregulated pain which, perpetuated by nociceptive 
sensitization, lasts longer than the original injury. Annually, the U.S. economy is 
impacted by over $600 billion spent on continued pain research, pain-related 
health care, and medications (Gaskin and Richard, 2012). The current standard 
of pain treatment is the utilization of opioid analgesics and, although useful in 
the short term, they often induce side effects including constipation, nausea, 
tolerance, and addiction liability (Benyamin et al., 2008). Despite the critical 
need for effective drugs to treat chronic pain, there is a lack of understanding 
for the underlying mechanisms that perpetuate sensitization. A deeper 
knowledge of the pathways that underlie neuronal sensitization may help 
identify novel targets for the more effective treatment of chronic pain. Because 
77% of human disease genes have relatives in Drosophila melanogaster, the fly 
represents a model organism that can be powerfully genetically manipulated to 
study more complex mammalian processes (Reiter et al. 2001). 
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In Drosophila, there are four classes of sensory neurons, primarily 
distinguished by the complexity of their dendritic branching (Grueber et al., 
2002). Those with the most elaborate branching, class IV, underlie the 
epidermis and detect both noxious thermal and mechanical stimuli (Tracey et 
al., 2003). These neurons, referred to here as nociceptors, express many 
channels, including the sodium ion channel, Pickpocket (Ppk) (Adams et al. 
1998). Pickpocket is expressed exclusively in class IV neurons and detects 
noxious mechanical stimuli  (Zhong et al., 2010). In the present study, we utilize 
the Gal4-UAS system to drive gene expression in only the Ppk-expressing cells 
of interest. 
It is possible to utilize ultraviolet (UV) light to induce tissue damage and 
sensitize the underlying nociceptors in Drosophila larvae. A controlled dose of 
UV irradiation can be delivered via a crosslinker to anesthetized third instar 
larvae. 24 hours later, the wild-type animals become thermally allodynic; they 
demonstrate an increased sensitivity to the light touch of a thermal probe 
heated to a normally subthreshold temperature (Babcock et al., 2009). This 
represents an effective model of the dysregulation involved in “chronic pain” in 
Drosophila. 
Interestingly, this sensitization pathway is highly dependent on the 
activity of Bone Morphogenetic Proteins (BMPs), important ligands involved in 
developmental patterning (Bier and De Robertis, 2015). Previous research has 
shown that the UV-injury induces apoptosis in the larval epidermal cells via the 
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caspase Dronc. The morphogen, Hedgehog (Hh) is released and binds its 
receptor, Patched, on the underlying nociceptor (Babcock et al. 2011). 
Following Hh binding, Dpp (orthologous to mammalian BMP2/4) is released and 
interacts with type I receptors, Saxophone and Thickveins, and type II receptor, 
Punt. This leads to activation of SMAD intracellular transducers via 
phosphorylation of Mothers Against Dpp (Mad) and subsequent complex 
formation with Medea. The signaling continues to the nucleus, where gene 
expression is controlled to induce sensitization of the nociceptor (Follansbee et 
al. 2017; McParland et al., in preparation). Both allodynia and hyperalgesia can 
be detected after injury by assaying larvae with a thermal stimulus and 
observing the frequency an innate avoidance behavior. Importantly, BMPs are 
highly conserved across species. For example, flies lacking Dpp (BMP2/4) can 
be provided the human BMP4 coding sequence to rescue the deficiency 
(Padgett et al. 1993). Additionally, Drosophila Dpp can induce bone growth in 
rats (Sampath et al 1993). 
One known class of regulators of BMP and other morphogen signaling 
are the Heparan Sulfate Proteoglycans (HSPGs). HSPGs are glycoproteins 
located on the surface of cells and within the extracellular matrix that bear 
heparan sulfate (HS) glycosaminoglycan (GAG) side chains. HSPGs play 
important roles in cell and organ growth through the binding a variety of ligands, 
including chemokines, cytokines, various growth factors, and morphogens, 
including Dpp and Hedgehog, to manage their distribution and signaling 
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(Sarrazin et al. 2011). In humans, the disruption of HSPG synthesis can give 
rise to a variety of painful conditions, including Simpson Golabi Behmel 
syndrome and Hereditary Multiple Exostoses, in which the hallmark symptoms 
are overgrowth of the body parts and the bones respectively. This abnormal 
glypican expression overgrowth can also manifest as cancer, including breast 
(Matsuda et al. 2001), ovarian (Staldmann et al. 2007) pancreatic cancer (Lu et 
al. 2017), and glioma (Li et al. 2017). Because HSPGs are thought to be 
involved in tau aggregate binding and uptake, they have also been implicated in 
neurodegenerative disease including Alzheimer’s disease and dementia 
(Homes et al. 2013). 
HSPGs can be classified by their location: those found on the membrane 
(transmembrane syndecans and anchored glypicans), secreted extracellular 
matrix HSPGs (agrin, perlecan, type XVIII collagen), and on secretory vesicles 
(serglycin:  Sarrazin et al. 2011).  In Drosophila, there exists a single 
representative of both the secreted extracellular HSPG Terribly Reduced Optic 
Lobes (TROL) (Voigt et al. 2002) and the elongated cell surface HSPG 
syndecan (Sdc) (Spring et al. 1994).  Division Abnormally Delayed (Dally) and 
Dally-like protein (Dlp) are the two Drosophila glypicans, characterized as such 
by their disulfide-bond stabilized globular domains and anchoring to the plasma 
membrane by a glycosylphosphatidylinositol (GPI) linkage (Khare and 
Baumgartner, 2000; Nakato et al., 1995).  
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In mammals, glypicans are classified GP1to GP6, and are further 
subdivided into two major families: glypicans 3/5 and glypicans 1/2/4/6, and 
Dally and Dally-like protein (Dlp) serve as the two Drosophila homologs, 
respectively (Filmus et al., 2008). Although they are characteristically anchored 
into the membrane, glypicans can also be cleaved and released into the 
extracellular space. Because the glypicans are well conserved between the fly 
and mammals (Esko and Selleck 2002), Drosophila melanogaster represents a 
simplified model for studying the role of glypicans in relation to neuronal 
sensitization in more complex organisms, including humans.  
Dally and Dlp play critical roles in morphogen movement and maintaining 
gradients through the binding of these ligands extracellularly, thereby controlling 
their distribution. Among other roles, Dally and Dlp are involved in regulating the 
morphogens Dpp (Dally) (Belenkaya et al., 2004, Fujise et al., 2003) and 
Hedgehog (Dlp) during development. Dlp is necessary for Hedgehog signal 
transduction, perhaps working as a co-receptor at (or just above) the level of 
the Hh receptor, Patched, on the responding cell (Desbordes and Sanson, 
2003). Dally acts as a co-receptor to the Dpp receptor Thickveins, and likely 
helps to stabilize the binding of the Dpp ligand and thereby enhance Dpp 
signaling (Akiyama et al., 2008). 
Because the Dally / Dlp - interacting morphogens (Dpp, Hedgehog) are 
necessary for neuronal sensitization following injury in larvae (Babcock et al., 
2011; Follansbee 2017), it was hypothesized that the presence of these 
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glypicans in the class 4 multidendritic neurons, the primary nociceptors of the 
larval fly, also influences the fly’s ability to sensitize following injury-inducing 
UV-irradiation. In this report, we present evidence that these Drosophila 
glypicans are necessary for injury-induced nociceptive sensitization. 
 
Materials and Methods 
Fly stocks and genetics 
Experimental flies were purchased through the Bloomington Drosophila 
Stock Center in Bloomington, Indiana. Flies were maintained in 9oz stock 
bottles containing sucrose-cornmeal-yeast medium at 50-60% humidity and a 
temperature of 25°C. Bottles were stored in Percival Scientific Incubators with a 
12h light/12h dark cycle, with an arbitrary dawn time set to 9:00 A.M. The 
GAL4/UAS system was utilized to drive expression of RNA interference of 
particular genes. To restrict GAL4 expression to the nociceptors, all 
experiments employed the driver ppk-GAL4. The UAS-RNAi lines used are as 
follows: DallyIR-1 (BDSC#28747), DallyIR-2 (BDSC#33952), UASDally 
(BDSC#5397), DlpIR-1 (BDSC#34091), DlpIR-2 (BDSC#34089). An additional 
line, UAS SecDally, was generously donated by the Nakato lab. 
UV injuries  
Prior to UV-exposure, 3-5 day old early wandering larvae are selected 
and rinsed with tap water on a mesh filter. 15-30 larvae are put into an isolation 
chamber, and patted dry with a Kim wipe. Under a hood, 1.5 mL diethyl ether is 
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added to a cotton ball and placed into a 5mL beaker. The isolation chamber 
containing the larvae is placed above the ether-wetted cotton ball, and the 
beaker is placed into a closed Coplin jar for ~2 minutes. After 2 minutes, the 
larvae have been anesthetized and are removed from the apparatus. Larvae 
are rinsed into a small dish, and then arranged dorsal-side up on to a sample 
slide under a microscope. The slide is placed into the UV crosslinker, and the 
anesthetized larvae are exposed to a dosage of UV-C between 12.0-18.0mJ, 
which is recorded with a UV meter. The larvae are rinsed from the slide, and 
then transferred to a recovery vial. The recovery vial is blinded and allowed to 
sit in the 25ºC incubator for a 24-hour recovery period.  
 
Thermal nociception assays 
 In response to noxious heat, Drosophila melanogaster larvae perform an 
unmistakable 360º nocifensive roll (Tracey et al., 2003). This roll is an innate, 
biological response of the larvae as an avoidance behavior when encountering 
the ovipositors of parasitic wasps (Small et al, 2012). Only a full 360º roll is 
counted as a response, and it is only counted if it occurs within 20 seconds. A 
response between 6-20 seconds is recorded as a slow responder, and an 
animal that responds in less than 6 seconds is recorded as a fast responder. 
Animals that do not respond within 20 seconds are recorded as non-
responders. For a complete experiment, an n of at least 90 per treatment were 
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assessed, with and without UV injury. A Mixed Logistic Regression (MLR) 
analysis was performed to check for statistical significance. 
 
Quantification of dendritic morphology 
 Nociceptors were analyzed for total dendritic length and number of 
branches. Third instar larvae were paralyzed utilizing 81 ºC heated water and 
arranged on a microscope slide in a 2:1 halocarbon-ether mixture. Using a 
Leica S5 confocal microscope, the nociceptors were imaged from abdominal 
segments 4-6. Z-stack was restricted to 0.8um and image resolution was 
1024x1024.  Utilizing Fiji Image J (https://imagej.net/Fiji), images were 
skeletonized and analyzed for dendritic length and branching. 
 
Immunohistochemistry conditions and imaging 
Ppk-eGFP third instar larvae were used to visualize the nociceptors. The 
larvae were filleted longitudinally via a ventral midline incision, and all tissues 
inside of the muscular body wall were discarded. The remaining body wall was 
pinned flat on a silicone surface, fixed at room temperature for 20 minutes in 
4% paraformaldehyde in phosphate buffered saline (PBS), washed for 30 
minutes in 0.1% Triton X-100 phosphate buffered saline (PBS-T), and blocked 
in 5% normal goat serum (NGS) in PBS-T overnight at 4°C. Fillets were stained 
for three days with primary antibody, then incubated for two hours in the 
appropriate secondary antibodies. Using a Leica SP5 Scanning Confocal 
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Microscope, neurons were imaged in abdominal segments 4-6, identified by 
eGFP fluorescence. Images were collected with a 40x oil objective and at 
1024x1024 resolution. A Z-stack was collected to ensure the entire cell body of 
the neuron was captured. Then, the stack was collapsed into a maximum 
projection, and intensity of staining was analyzed using Fiji; mean integrated 
density is denoted as product of the area within the region of interest and the 
mean gray value of the channel. 
 
Statistical Analysis 
Mixed Logistic Regression (MLR) was performed to determine the 
predicted probability of reacting between different treatment groups in thermal 
probe behavioral assays. The response variable (reaction time) was compared 
to the explanatory variable (genotype, UV treatment) by generating a linear 
model and running MLR utilizing the program R. In bar graphs depicting 
allodynia and normal nociception experiments, black boxes denote fast 
responders (<6 seconds), gray boxes denote slow responders (6-20 seconds), 
and white boxes denote non-responders (>20 seconds). Whiskers indicate the 
standard error of the mean of at least three groups of larvae. On graphs: * = 
p<0.05, ** = p<0.01, *** = p<0.001.  
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Results:  
To investigate the role of Dally and Dally-like in the inductive of 
nociceptive sensitization, we utilized the GAL4-UAS system to produce cell 
specific promotion or suppression (RNAi) of gene expression. Twenty-four 
hours after UV injury, larvae were tested for sensitivity to a normally innocuous 
41oC heated probe stimulus. The probability of responding to the probe 
significantly increased in control animals following injury.  Strikingly, in larvae 
where Dally were suppressed specifically in the nociceptors, there was no 
significant increase in response frequency following the injury (Figure 3.2 A). 
This experiment was repeated utilizing a separate non-overlapping inverted 
repeat construct and showed a similar phenotype (Figure 3.2 B). Uninjured 
Dally-suppressed larvae showed normal nociceptive behavior when challenged 
with a noxious 45oC probe (Figure 3.3). The morphology of the nociceptive 
neuron was measured to assess if suppressing Dally altered neuronal structure 
which could be contributing to the observed nociceptive sensitization seen in 
allodynia experiments, but no obvious differences in neuron physiology was 
observed. These results are currently being quantified. (Figure 3.4) Over-
expressing Dally specifically in in the nociceptors caused a significant decrease 
in response compared to controls following UV injury (Figure 3.5). Still, the 
uninjured larvae with overexpressed Dally showed normal nociception when 
challenged with a noxious 45oC probe (Figure 3.6). A synthetic, secreted form 
of Dally, SecDally, was overexpressed specifically in the nociceptors, and a 
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significant difference was observed compared to only one control following 
injury and assay at 41 oC (Figure 3.7).  Uninjured larvae expressing SecDally 
showed normal nociceptive behavior when challenged with a noxious 45oC 
probe (Figure 3.8). 
 The requirement of the second Drosophila glypican, Dally-like (Dlp), was 
also assessed for its involvement in injury-induced sensitization. In larvae 
where Dlp was suppressed specifically in the nociceptors via Ppk driver, there 
was no significant increase in response frequency following UV-injury, whereas 
in control animals, this same injury led to allodynia (Figure 3.9). These animals 
also displayed normal nociception, and responded identically to controls at a 
noxious 45oC (Figure 3.10).  This experiment is currently being repeated using 
a second, non-overlapping inverted repeat construct. Again, the morphology of 
nociceptors lacking Dlp was assessed and no significant changes were 
observed (Figure 3.11).  Immunohistochemistry utilizing multiple antibodies was 
performed to verify suppression of Dally and Dlp in the nociceptors, but 
unfortunately these experiments were unsuccessful despite many attempts to 
optimize the protocol. Currently, I am using the MIMIC imaging technique (see 
Follansbee et al. methods, Chapter 2) to visualize Dally and Dlp. 
 
Discussion 
 Chronic pain poses a difficult challenge because of the limitations of 
current treatments. Neuronal sensitization is thought to underlie and perpetuate 
 17 
chronic pain (Gaskin and Richard 2012). Previous data have shown that the fly 
morphogens Hedgehog and Dpp are necessary for the development of thermal 
allodynia after injury (Babcock et al. 2011; Follansbee et al. 2017). The data 
presented here provide supporting evidence for the involvement of Hedgehog 
and Dpp regulators, glypicans Dally and Dlp, in this paradigm, working at the 
extracellular level to regulate Hedgehog and Dpp availability to the nociceptor. 
 Suppressing Dally in the nociceptors reduces injury-induced thermal 
allodynia post- twenty-four hour UV injury. This supports the hypothesis that the 
extracellular regulator Dally is necessary for nociceptive sensitization. Previous 
studies show that Dally promotes Dpp signaling by reducing Thickveins’ ability 
to antagonize the Dpp ligand. Dally also likely works to stabilize Dpp at the 
receptor complex (Akiyama et al., 2009). It is likely that the absence of Dally 
makes Dpp binding and signaling less efficient following a UV-injury. 
Interestingly, overexpressing Dally on the nociceptors also suppresses 
nociceptive sensitization following injury. This may indicate that the excess 
Dally, in the absence of excess receptor for Dpp to bind, seems to have a slight 
negative effect on Dpp signaling. It is possible the excess Dally is sequestering 
Dpp and holding it with no place for binding. Similarly, expressing SecDally, 
which is not membrane bound, shows a non-significant hyposensitive trend in 
injured larvae. SecDally may also sequester Dpp extracellularly, but far enough 
from the cell surface where the effects are not as striking as seen when 
overexpressing the membrane-embedded Dally. 
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 The second Drosophila glypican, Dally-like protein, is also required for 
the formation of allodynia, and may also act as a co-receptor. It is likely that 
these effects are taking place earlier on in the sensitization pathway, at the level 
of Hedgehog and its receptor, Patched (Desbordes 2003).  
 To eliminate the possibility that any observed phenotypic changes were 
the result of physical changes to the neuron, we assessed the dendritic 
morphology of Dally-suppressed and Dlp-suppressed nociceptors. By imaging 
live larvae, the finer branches of the dendritic field are better preserved than if 
they were fixed and dissected. These results are currently being quantified, but 
qualitatively the manipulated neurons appear identical to controls. 
 Injury to the epidermis triggers a signaling cascade that results in the 
binding of extracellular morphogen, Hedgehog, to its receptor Patched. We 
hypothesize that Dally-like helps to facilitate this binding by securing Hedgehog 
and inhibiting its long-range travel. This may result in a signaling cascade within 
the nociceptor itself that eventually results in the release of extracellular Dpp, 
possibly in an autocrine fashion. Dally also may be sequestering Dpp on the 
membrane, similarly to Hedgehog, and stabilizing it in its own receptor complex 
of Thickveins, Punt, and Saxophone. From here, the signaling cascade 
continues to the nucleus, where genes are regulated to sensitize the nociceptor.  
This observed reduction in sensitivity resulting from suppression of Dally 
and Dlp was specific to injury-induced sensitization, as demonstrated by the 
normal nociceptive response to a normally noxious temperature observed in 
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uninjured Dally-suppressed and Dlp-suppressed larvae. This is advantageous 
for treating pain patients, because blocking BMP signaling via these 
components might be able to alleviate abnormal pain while leaving the 
protective normal pain processes unperturbed. 
The goal of this research is to better understand how neurons sensitize, 
because understanding those mechanisms will reveal potential targets for the 
development of drugs to treat chronic pain. Dally and Dally-like represent 
particularly attractive targets of this pathway because they are located 
extracellularly, eliminating the challenge of delivering drugs across a cell 
membrane. The therapeutic potentials of Dally and Dlp are not limited to pain.  
These also represent targets for the development of drugs to treat 
Fibrodysplasia Ossificans Progressiva (FOP), a disorder in which tissues are 
replaced by bone, caused by overactivated BMP signaling (Le and Wharton, 
2013). A future direction of this work, in addition to developing targeted drugs 
for chronic pain, includes testing drugs developed for FOP for their 
effectiveness to ameliorate allodynia. 
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Figures 
 
 
Figure 2.1: Model of Dally and Dlp activity following UV-injury. Proposed 
model for involvement of Dally and Dlp in BMP signal transduction necessary 
for nociceptive sensitization in Drosophila. Following UV-injury, Hedgehog binds 
the receptor, Patched. Downstream, Dpp interacts with receptors Thickveins, 
Punt, and Saxophone. The subsequent signaling cascade induces sensitization 
of the nociceptor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 21 
 
*** 
** 
 22 
 
 
Figure 2.2: The glypican Dally is required in the nociceptors for injury-
induced allodynia. A: Response latencies were characterized as follows: none 
(> 20 seconds, white), slow (6-20 seconds, gray), or fast (>6 seconds, black). 
After 20 seconds the assay was stopped. Error bars indicate the standard error 
of three groups of larvae. 24 hours post- UV exposure (+) or no UV exposure (-
), larvae were assayed with a thermal probe set to an innocuous 41°C. 
Suppression of Dally was achieved using Ppk1.9-Gal4 and two nonoverlapping 
UAS-inverted repeat constructs. A: DallyIR-1 (BDSC#28747) B: DallyIR-2 
(BDSC#33952). The RNAi genotypes failed to produce allodynia compared to 
control genotypes no UAS (Ppk1.9-Gal4>y1v1) and no Gal4 (w1118>UAS-DallyIR) 
(p<0.01). n=90-120 for all experiments. Data were analyzed using MLR. 
 
 
 
** *** 
 23 
 
 
Figure 2.3: Suppression of Dally in the nociceptors does not affect normal 
nociception. Suppression of Dally was achieved using Ppk1.9-Gal4 and two 
non-overlapping UAS-inverted repeat constructs: A: DallyIR-1 (BDSC#28747) B: 
DallyIR-2 (BDSC#33952). The uninjured larvae with RNAi genotypes responded 
to noxious stimuli 45°C no differently than controls (p>0.05). n=93-107. Data 
were analyzed using MLR. 
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Figure 2.4: Morphology of nociceptor dendritic fields in larvae in which 
Dally is suppressed is not altered. Images of live nociceptors expressing 
eGFP under the control of the Ppk1.9 promoter (green), with and without Dally 
suppression via Ppk.19-Gal4 promoter. Neurons were assessed for dendritic 
field and total number of branches using the image-processing package Fiji. 
Data were analyzed by Welch’s t-test.  n=9 per experimental group. DallyIR-1 
BDSC#33952 was used in this experiment. 
 
 
 
 
  
 
 
 
 
 
Control 
Control DallyIR-1 
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Figure 2.5: Overexpressing Dally 
in the nociceptors suppresses 
injury-induced allodynia. 24 hours 
post- UV exposure (+) or no UV 
exposure (-), larvae were assayed 
with a thermal probe set to an 
innocuous 41°C. Overexpression of 
Dally in the nociceptors using 
Ppk1.9-Gal4-UAS-Dally 
(BDSC#5397) suppresses injury-
induced allodynia compared to 
control genotypes no UAS (Ppk1.9-
Gal4> w1111) and no Gal4 
(w1118>UAS-Dally) (p<0.05) n=90-
121. Normal nociception was 
observed in UAS Dally larvae 
compared to controls when 
challenged with 45°C probe 
(p>0.05) n=90-94. Data were 
analyzed using MLR. 
 
 
* 
* 
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Figure 2.6: Overexpression of Dally in the nociceptors does not affect 
normal nociception. Overexpression of Dally was achieved using Ppk1.9-Gal4 
and UAS Dally. Uninjured larvae of the overexpression genotype responded to 
noxious stimuli 45°C no differently than controls (p>0.05). n=90-94.  Data were 
analyzed using MLR. 
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Figure 2.7: Expression of 
SecDally, a secreted form of 
Dally, in the nociceptors does 
not affect injury-induced 
allodynia. 24 hours post- UV 
exposure (+) or no UV exposure 
(-), larvae were assayed with a 
thermal probe set to an 
innocuous 41°C.  Expressing a 
synthetic form of secreted Dally 
(SecDally) in the nociceptors 
using Ppk1.9-Gal4-UAS 
SecDally does not affect 
allodynia compared to no Gal4 
control (w1118>Sec-Dally) 
(p>0.05). Expressing SecDally 
suppresses injury-induced 
allodynia compared to no UAS 
control (Ppk1.9-Gal4> w1111) 
(p<0.05). n=90-121. Normal nociception was observed in uninjured UAS Dally 
larvae compared to controls when challenged with 45°C probe (not shown) 
(p>0.05) n=91-92.  Data were analyzed using MLR. 
 
 
* 
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Figure 2.8: Overexpression of SecDally in the nociceptors does not affect 
normal nociception. Overexpression of SecDally was achieved using Ppk1.9-
Gal4>UAS-SecDally. The overexpression genotype responded to noxious 
stimulus 45°C no differently than controls (p>0.05). n=90-93 Data were 
analyzed using MLR. 
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Figure 2.9: The glypican Dlp is 
required in the nociceptors for 
injury-induced allodynia. 24 
hours post- UV exposure (+) or 
no UV exposure (-), larvae were 
assayed with a thermal probe set 
to an innocuous 41°C. 
Suppression of Dlp using Ppk1.9-
Gal4> UAS-DlpIR-1 
(BDSC#34091). The RNAi 
genotype failed to produce 
allodynia compared to control 
genotypes no UAS (Ppk1.9-
Gal4>y1v1) and no Gal4 
(w1118>UAS-DlpIR-1) (p<0.01). 
n=90-101 for all experiments. 
Data were analyzed using Mixed 
Logistic Regression analysis 
(MLR). 
 
** 
** 
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Figure 2.10: Suppression of Dlp in the nociceptors does not affect normal 
nociception. Suppression of Dlp was achieved using Ppk1.9-Gal4> DlpIR-1 
(BDSC#34091). The RNAi genotypes responded to noxious stimuli 45°C no 
differently than controls (p>0.05). n=91-92. Data were analyzed using MLR. 
 
 
 
 
 31 
 
 
 
 
Figure 2.11: Morphology of nociceptors dendritic fields in larvae in which 
Dlp is suppressed is not altered. Images of live nociceptors expressing 
Ppk1.9:eGFP (green), as well as ppk1.9Gal4> DlpIR-1 (BDSC#34091). Neurons 
were assessed for dendritic field and total number of branches. N=9 per 
experimental group 
 
 
 
 
 
 
 
 
Control Dlp
IR-1 
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CHAPTER 3:  
IDENTIFICATION OF COMPONENTS DOWNSTREAM OF BMP 
PATHWAY INDUCED IN NOCICEPTORS BY UV-INJURY:  
RIBOTAG IMMUNOPRECIPITATION AND RNA SEQUENCING 
 
 
Preamble: This chapter contains the details of a major project our lab is 
currently working on, including the tissue collection that I have been developing 
and will continue to conduct this summer alongside lab member Julie Moulton.  
 
To this point, our lab has taken predominantly a candidate-based 
approach in identifying targets involved in sensitization following injury. We 
have identified the requirement of the fruit fly BMP 2/4 homolog Dpp, its 
receptor complex, the intracellular SMADS, and several nuclear components 
(Follansbee et al. 2017; McParland et al., in preparation). We have also 
characterized the involvement of another fruit fly BMP, Glass Bottom Boat, and 
its receptor Wishful Thinking (Gjelsvik et al., in review). Chapter 2 describes 
work that has implicated the involvement of two extracellular regulators of these 
pathways, Dally and Dally-like. 
Although there are more BMP pathway candidates to be studied, our lab 
is now interested in identifying what genes downstream of the BMP-SMAD 
pathway are being turned on within the nociceptor to cause its sensitization 
following a UV injury. The sequencing itself will be contracted to a vendor, but 
the collection and preparation of samples will be conducted here at UNE. The 
final collection will take place over the early summer months of 2018.  
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My role in this experiment has involved breeding, collecting, and injuring 
(or mock-injuring) the larvae for RNA isolation. In order to deduce what is being 
transcribed and translated following injury, we will utilize the GAL4-UAS system 
to generate flies that express a GFP-tagged ribosomal subunit only in the 
nociceptors.  This method is called Translating Ribosome Affinity Purification 
(TRAP). 
To control for changes in gene expression throughout development (and 
to remain consistent with our allodynia experiments to date), we will be injuring 
larvae at the third instar stage of development (~4-5 days old). To ensure all of 
the larvae are developmentally within hours of one another, I will be conducting 
timed egg collections to synchronize the offspring. 
After the eggs have hatched and matured to third-instar larvae, I will 
remove the larvae and administer a UV-injury (or mock UV-injury). Consistent 
with our previous work, the larvae will be allowed to rest for 24 hours in a 
recovery vial, and then the larvae will be flash-frozen in liquid nitrogen.  
Following collection, our collaborator Ramaz Geguchadze will prepare 
the samples for sequencing. This involves optimizing the immunoprecipitation of 
ribotagged RNA from the nociceptors, and sending the samples away to a 
vendor for sequencing and analysis. 
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Methods: 
Fly stocks and genetics 
Experimental flies were obtained from the Bloomington Drosophila Stock 
Center in Bloomington, Indiana. Flies were maintained in 9oz stock bottles 
containing sucrose-cornmeal-yeast medium at 50-60% humidity and a 
temperature of 25°C. Bottles were stored in Percival Scientific Incubators with a 
12h light/12h dark cycle, with an arbitrary dawn time set to 9:00 A.M. To restrict 
GAL4 expression to the nociceptors, all experiments employed the driver ppk-
GAL4. The TRAP line used was w; Ppk-Gal4, w[*];P{w[+mC]=UAS-GFP-
RpL10Ab}BF2b. 
 
Timed egg lays 
Flies will be allowed to mate for 48 hours prior to the timed egg lay. After 
two days, the flies will be put into a tube containing solidified grape juice agar 
along one wall to encourage egg deposition. The grape agar is a mixture of 
sugar, agar, and grape juice concentrate, allowed to boil and congeal into a 
jelly-like consistency. The egg-lay period will be restricted to two hours, then the 
adults will be removed. Larvae will be ready for collection in 4-5 days. 
 
UV injuries  
Developmentally timed larvae will be collected 4-5 days after egg lay. 
Unlike in other UV experiments, the volume required makes anesthetization 
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unrealistic, and larvae are not given ether. Instead, they are placed onto a dish 
and allowed to crawl until uniformly distributed. The dish is placed into the UV 
crosslinker, and the larvae are exposed to a dosage of UV-C between 12.0-
18.0mJ, which is recorded with a UV meter. For mock-treated animals, the 
identical protocol is performed, including putting the animals into the 
crosslinker, but without the actual delivery of UV. Although this injury will not be 
restricted to the dorsal side as is the case with anaesthetized animals, it is likely 
to be unproblematic because we will not be performing behavioral assays. The 
larvae will be placed in recovery vials for 24-hours. 
 
Storage of samples  
24-hours post-injury, larvae will be removed from recovery vials and 
separated into tubes as 100mg groups. The tubes will be flash-frozen in liquid 
nitrogen and stored in liquid nitrogen to reduce RNA degradation before 
analysis. 
 
Ribotag immunoprecipitation 
 Immunoprecipitation of translating GFP-tagged ribosomes with an anti-
GFP antibody will allow isolation of mRNA specifically expressed by the 
nociceptors.  This mRNA will then be sequenced and compared between 
injured and uninjured animals.  These steps will be carried out not by myself but 
by other collaborators. 
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Discussion 
The results obtained from the RNA sequencing will likely identify what 
specific genes are being regulated after a UV-injury. This will not only yield a 
better idea about what is happening in response to a UV injury to cause the 
neuron to fire more frequently or at a reduced threshold, but also identify new 
targets for the lab to investigate. By understanding what specific genes are 
turned on to hypersensitize the neuron, we may be identifying potential novel 
drug targets for the treatment of chronic pain in humans. 
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Chapter 4: 
A THERMAL-INJURY APPROACH TO  
INDUCE NEURONAL SENSITIZATION 
 
Preamble: This chapter outlines the work of an undergraduate student who I 
have been mentoring, Giselle Dion. All of the injuries were performed by 
Giselle, and all allodynia assays were conducted by me. For IHC experiments, 
Dr. Ganter performed the dissections, and I stained, mounted, and imaged the 
samples using confocal microscopy. I would like to acknowledge Mike Esty for 
building the thermal probe used to injure the flies in these experiments. 
 
Introduction: 
Each year in the United States, 486,000 people seek treatment for burns. Of 
these, 40,000 are hospitalized and 3,400 die (American Burn Association). In 
this patient population, pain is the most frequent and undertreated complaint 
(Choinere et al. 1989). This pain sometimes manifests as chronic pain, which is 
often treated in the long-term with opioid analgesics (Norman A and Judkins K, 
2004).  
There is already an established method for inducing a “chronic pain-like” 
sensitized state in Drosophila larvae utilizing a UV-induced injury (Babcock et 
al. 2009). Using this model, our lab has identified the involvement of various 
BMP pathway components necessary for sensitization of the underlying 
nociceptors after injury (Follansbee et al., 2017). Now, we are optimizing a new 
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protocol for thermally injuring the larval epidermis utilizing a hot probe. Using 
this more clinically relevant burn-injury model, we will be able to re-assess the 
targets we have shown to be necessary in the UV model. 
 
 
Methods: 
Fly stocks and genetics 
Experimental flies were purchased through the Bloomington Drosophila Stock 
Center in Bloomington, Indiana. Flies were maintained in 9oz stock bottles 
containing sucrose-cornmeal-yeast medium at 50-60% humidity and a 
temperature of 25°C. Bottles were stored in Percival Scientific Incubators with a 
12h light/12h dark cycle, with an arbitrary dawn time set to 9:00 A.M. The 
GAL4/UAS system was utilized to drive expression of RNA interference of 
particular genes. To restrict GAL4 expression to the nociceptors, all 
experiments employed the driver ppk-GAL4. The Gbb RNAi line was 
generously donated by Dr. Kristi Wharton. 
 
Thermal-Injury 
A heated probe apparatus was assembled to injure one larva at a time. The 
larva is placed into a groove within an aluminum plate, at a depth where the 
larva is effectively burned, but without too much pressure that the injury reaches 
too deeply into the tissues. The aluminum plate is suspended on a block of ice 
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to further protect the larva from the heat penetrating too deeply. The probe is 
applied to the dorsal side of the larva for <1 second, and the larva is removed 
and placed for 24 hours in a recovery vial.  
 
Thermal nociception assays 
 In response to noxious heat, Drosophila melanogaster larvae perform an 
unmistakable 360º nocifensive roll (Tracey et al., 2003). This roll is an innate, 
biological response of the larvae as an avoidance behavior when encountering 
the ovipositors of parasitic wasps (Small et al, 2012). Only a full 360º roll is 
counted as a response, and it is only counted if it occurs within 20 seconds. A 
response between 6-20 seconds is recorded as a slow responder, and an 
animal that responds in less than 6 seconds is recorded as a fast responder. 
Animals that do not respond within 20 seconds are recorded as non-
responders. For a complete experiment, we will assess an n of 90 per 
treatment, with and without UV injury, and run a Fisher’s Exact test to check for 
statistical significance. 
 
 
Immunohistochemistry conditions and imaging 
Ppk1.9:TdTomato third instar larvae were used to visualize the nociceptors. The 
injured or mock-injured larvae were filleted longitudinally via a ventral midline 
incision, and all tissues inside of the muscular body wall were discarded. The 
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remaining body wall was pinned flat on a silicone surface, fixed at room 
temperature for 20 minutes in fresh 4% paraformaldehyde in phosphate 
buffered saline (PBS), washed for 30 minutes in 0.1% Triton X-100 phosphate 
buffered saline (PBS-T), and blocked in 5% normal goat serum (NGS) in PBS-T 
overnight at 4°C. Fillets were stained for three days with primary antibody (Anti-
Fasciclin 3: DSHB 528238 ), then incubated for two hours in secondary 
antibodies (GAM488 1:500). Using a Leica SP5 Scanning Confocal Microscope, 
class 4 multidendritic nociceptors were imaged in abdominal segments 4-6, 
identified by tdTomato fluorescence. Images were collected with a 10x dry, 20x 
dry, and 40x oil objective and at 1024x1024 resolution. A Z-stack was collected 
to ensure the entire cell body of the neuron was captured.  
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Results: 
First, an apparatus was built for burning larvae (Figure 5.1). The 
apparatus includes a thermoregulatory controller and a thermal probe with a 
chisel tip, which can be set and maintained at a precise temperature. The chisel 
tip was used to injure the epidermis of the dorsal side of the larva, similarly to 
the UV injury. To minimize the depth of the burn, larvae were placed within a 
groove in an aluminum block suspended on ice. The depth of the groove 
regulates the pressure that the thermal probe applied to larvae, while the ice 
prevented the heat of the burn from reaching too deeply into the larval body and 
causing death. 
To identify the best temperature to injure larvae, we first tested allodynia 
in larvae injured at a variety of temperatures, 24 hours after injury (Figure 5.2). 
85 oC was selected as the best temperature because it produced the most 
allodynia and had a high rate of larval survival (Figure 5.3). These larvae did not 
display hyperalgesia 8 hours after injury when challenged with a 45 oC probe 
(Figure ZZ). To visualize epidermal damage in the 85 oC condition, larvae 
expressing tdTomato in their nociceptors (via Ppk1.9-Gal4, Ppk1.9tdTomato 
drivers) were injured with the 85oC probe, dissected, filleted, and stained with 
anti-fasciclin. After mounting, the fillets were visualized using a Leica confocal 
(Figure 5.5).  
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A Glass Bottom Boat (Gbb) RNAi line was used to suppress Gbb in the 
nociceptors. Suppression of Gbb significantly reduced allodynia in larvae 
following thermal injury (Figure 5.6), compared to controls.  
 
Discussion: 
 In order to better treat chronic pain, we must have a better understanding 
of the neuronal sensitization that underlies a chronic-pain state. Currently, we 
utilize a UV-injury based chronic pain model in Drosophila. This research has 
demonstrated that a second, more clinically relevant thermal-injury model is 
also effective in producing allodynia in larvae.  
 We have optimized the thermal burn model to maximize allodynia (and 
minimize animal death) 24-hours post injury in larvae assayed with an 
innocuous 41 oC probe. At 85 oC, the epidermis appears to be extensively 
damaged (Figure 5.5 A) and there is neuronal blebbing present / visible neuron 
destruction (Figure 5.5 B). Beyond 85 oC, response latencies increase. It is 
possible that the hotter temperature is damaging the neurons too severely to 
fire, or the larvae may be too injured to complete a nocifensive rolling response. 
Interestingly, larvae injured with the 85 oC probe do not become hyperalgesic 8 
hours post-injury. It could be that the neurons do not have adequate time to 
sensitize, if the above speculations are true. Using immunohistochemistry, we 
also visualized the extent of the damage to both the neurons and the epidermis, 
as well as stained for the apoptotic marker caspase-3.  
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 After 85 oC was determined to be the best temperature for this model, we 
tested a Gbb RNAi line of larvae, bred to have suppressed Gbb specifically in 
the nociceptors via the Ppk1.9-Gal4 driver (Figure 5.6). Gbb was selected 
because it has shown to be necessary for UV-injury induced sensitization 
(Gjelsvik et al., in review).  Suppression of Gbb decreased the responses of 
larvae in the behavioral allodynia assay, compared to controls. Strikingly, it 
appears that Gbb is necessary for sensitization following a thermal injury.  
 These results suggest the possibility that the Gbb / Dpp pathways are 
also involved in the sensitization that occurs following a burn injury as well in 
the previously established UV injury model. Future directions include re-testing 
our target genes using this new model to look for similar similarities between 
injury-modalities. This model will allow us a more realistic view of chronic pain 
that is instigated by an injury. 
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Figures 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Thermal Injury Apparatus. One larva is situated in a groove within 
an aluminum plate. To chill the aluminum, the plate is placed over a bed of ice 
contained within a Styrofoam container (ice not pictured). A heated probe 
(yellow) is applied to the dorsal side of the larva for less than 1 second to 
deliver a controlled thermal burn at a specified temperature, as set by the 
thermoregulator. After injury, the larva is placed in a recovery vial with standard 
medium for 24 hours before the allodynia assay. 
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Figure 4.2: Allodynia in larvae following thermal-injury at increasing 
temperatures. Larvae were assayed 24 hours after thermal burn. Response 
latencies were characterized as follows: none (> 20 seconds, white), slow (6-20 
seconds, gray), or fast (>6 seconds, black). After 20 seconds the assay was 
stopped. Whiskers indicate the standard error of three groups of larvae. n=89-
137 per group. 
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Figure 4.3: 85 oC thermal injury results in thermal allodynia. Larvae were 
injured with a 25 oC probe (mock -) or an 85 oC probe (+), then assayed 8 hours 
later for nocifensive response to a 41 oC. probe. The response in injured 
animals was significantly greater than in mock. (p<.01). n=90 per group.  
 
0%
20%
40%
60%
80%
100%
120%
- +
** 
 51 
 
Figure 4.4 85 oC thermal injury does not produce hyperalgesia 8 hours 
post-injury. Larvae were injured with a 25 oC probe (mock) or an 85 oC probe, 
then assayed 8 hours later for nocifensive response to a noxious 45 oC. There 
was no significant difference between groups. n>20.  
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Figure 4.5:  
Extent of 
injury by 85 
oC burn. Epidermis 
was visualized by 
staining with anti-
fasciclin and 
neurons were 
visualized by 
genetically 
expressing eGFP 
via Ppk1.9-GAL4 
Ppk1.9-tdTomato 
driver.  
A: Visible damage 
to the epidermal 
cells 24 hrs post-
burn. 10x dry. 
 B: Extensive 
neuronal damage 
and blebbing in the 
85 oC injured 
larvae. 40x oil. 
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Figure 4.6: Gbb is required for injury-induced thermal allodynia. 
Suppression of Gbb was achieved using Ppk1.9-Gal4 and a UAS-inverted 
repeat constructs specific to the Gbb gene. The RNAi genotype failed to 
produce allodynia compared to the control genotype (Ppk1.9-Gal4>y1v1). n=90-
120 for all experiments. Data were analyzed using Fischer’s Exact Test. 
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